Aims: Cucumber angular leaf spot caused by Pseudomonas syringae pv. lachrymans (Psl) is an important and destructive disease worldwide, and no effective technique has been developed for the control of the pathogen. Detection of infection or latent in cucumber plants is critical to evaluate disease progress and strengthening management to avoid a serious epidemic in the fields. In this paper, we developed a rapid and sensitive method for detection of Psl using an isothermal method known as loop-mediated amplification (LAMP). Methods and Results: A set of six primers was designed to amplify the gene coding for the hrpZ, and conditions for detection were optimized to complete in 60 min at 67°C, and the amplification were confirmed through gel electrophoresis or visually inspected using calcein stain. The specificity of LAMP primers set was widely validated on Psl and nontarget strains. In sensitivity testing, LAMP allowed detection as low as 10 4 CFU per ml bacterial cells without DNA extraction. The novel method was also applied for detecting Psl in infected cucumber leaves, and even the early onset of disease can be detected by the assay. Conclusions: This study confirmed that the novel developed LAMP assay is an easy, rapid and sensitive method for the detection of Psl in infected leaves. Significance and Impact of the Study: The method is suitable for direct detection of Psl without strain enrichment and complex DNA extraction from samples in the field, and hence it has the capability to be used for on-site disease diagnosis and field surveys.
Introduction
Pseudomonas syringae pv. lachrymans (Psl), the causal pathogen of angular spot disease on Cucurbitaceae crops, is one of the 64 pathovars belonging to the complex species of Pseudomonas syringae (Berge et al. 2014; Thakur et al. 2016) . Increased occurrence of angular leaf spot disease on cucumbers has caused serious economic losses in cucumber production worldwide (Young et al. 1996; Harighi 2007) . Once infected by the pathogen of Psl, yields of cucumbers can decrease significantly, caused by reduced photosynthetic capacity of the infected foliage, and the disease is difficult to control (Lamichhane et al. 2015) . During 2014-2016, outbreaks of cucumber angular spot disease occurred in Henan, Shandong, Hebei and Liaoning provinces in China. According to the previous investigation of our laboratory group, the disease incidence varied from 15 to 50% in different fields, causing 30-50% of yield losses.
To improve effective measures for the control and management of Psl, suitable detection methods are required. To date, the detection methods for Psl mainly depend on pathogen isolation and biochemical identification, which are time and labour consuming. Molecular techniques, such as rep-PCR and PMA-qPCR, were also reported to be used for detection of Psl (Alleyne et al. 2011; Meng et al. 2016a) ; however, these methods often depended on expensive equipments and professionals, which were difficult to be implemented in the field. Thus, rapid methods that can be performed in the field, minimizing the delay between sampling and diagnosis, would be helpful to control the disease at its early onset.
In recent years, loop-mediated isothermal amplification assays (LAMP) have been widely applied for plant pathogen detection (Tomlinson et al. 2010; Moradi et al. 2012; Ash et al. 2014; Lu et al. 2015) , not only due to the rapid and sensitive detection provided, but also due to the wide range of detection strategies available and the ability of the technique to be deployed away from the conventional laboratory setting (Hodgetts et al. 2015; Niu et al. 2015) . LAMP employs six primers, which have eight distinct binding sites, along with a strand-displacing polymerase to enable highly specific amplification under isothermal conditions (Notomi et al. 2000) . In addition, the amplification products of LAMP assays can be detected by gel electrophoresis, turbidimeter, lateral flow dipstick (LFD) and visual inspection (Mori et al. 2004; Mao et al. 2012; Niu et al. 2012) , which help LAMP not only be used in lab, but also be applied in the field.
Although LAMP has been successfully applied in detection of many plant pathogens, no attempt has been made to detect Psl using LAMP assay. In this study, a visual LAMP method to detect Psl, the causal pathogen of the angular spot disease on cucumber, was developed. Species-specific primers were designed based on the hrpZ gene which cause disease on host plants and elicit a hypersensitive response on nonhost plants (Bonas 1994) . The sensitivity and specificity of this method were confirmed and LAMP assay was also applied for detecting Psl in infected cucumber leaves in the field.
Materials and methods
Bacterial strains, cultivation and DNA extraction A set of five Psl strains isolated from cucumber, two species (four isolates) and seven genera (eight isolates) were used for primer development (Table 1) . Cultures were grown in Luria-Bertani (LB) medium (tryptone 10 g l À1 , yeast extract 5 g l À1 , NaCl 10 g l À1 , pH 7Á4) for 16 h at 28°C.
Liquid cultures were shaken at 160 rev min À1 , and 1 ml of bacterial suspension was centrifuged for 1 min at 12 000 g to pellet the cells for DNA extraction. Genomic DNA was extracted from the pellets using the TIANamp Bacteria DNA Kit (Tiangen Biotech Co.,Ltd., Beijing, China). The manufacturer's instructions for extraction of DNA from bacteria were followed (Tiangen Biotech Co.,Ltd., Beijing, China). The DNA concentrations were estimated using a Thermo Scientific NanoDrop 2000c UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., Shanghai, China). 
LAMP primer design
Sequences of hrpZ gene were chosen as the candidate targets for LAMP primer design. The sequences of the target region in Psl (HQ171971.2) were obtained from National Center for Biotechnology Information (NCBI). A sequence alignment was performed to compare the sequence with homologous sequences from closely related nontarget species (accession numbers: L14775.1 for Psl, AB112567.1 for P. syringae pv. tomato, FJ605454.1 for P. syringae pv. tabaci, KJ543474.1 for P. syringae pv. maculicola; AF268940.1 for P. syringae pv. phaseolicola and AB795318.1 for P. cannabina pv. alisalensis) using the alignment explorer program in MEGA ver. 6 (Tamura et al. 2013) , and the consensus sequence was used to design primers using PRIMEREXPLORER ver. 4 software (Eiken Chemicals, Tokyo, Japan) ( Table 2 ). All of the primers were synthesized by Biomed (Beijing, China).
LAMP protocol and optimization
The LAMP reaction was performed in a total 25 ll reaction mixture containing 8 U Bst DNA polymerase (Eiken China Co., Ltd, Shanghai, China), 40 mmol l To optimize the reaction temperature for the LAMP assay, the reactions were performed using Psl-2 DNA (17Á5 ng) as template in a LA-320CE Realtime Turbidimeter (Eiken China Co., Ltd) at 57, 59, 61, 63, 65, 67, 69 and 70°C for 60 min and heated at 80°C for 10 min to terminate the reaction. The products were analysed by 2% agarose gel electrophoresis (19 TAE) followed by staining with GoldenView (Biomed). A BM5000 DNA Marker (Biomed) was used to determine the molecular size of the bands, which were photographed under UV light using a Gel Doc TM XR+ System with Image Lab TM Software (Bio-Rad Laboratories, Inc., Shanghai, China). The experiment was performed three times. One sample was included at each temperature at each experiment. To monitor the amplification results visually, 25 lmol l À1 of calcein (Eiken China Co., Ltd) was involved in the LAMP reaction mixture before incubation, and the results were directly inspected by naked eye after incubation.
LAMP sensitivity for Psl
To determine the sensitivity of the LAMP assay, a 10-fold serial dilutions (17Á5 ng to 1Á7510 À3 fg) of Psl DNA (isolate Psl-2) was prepared. The reaction program of LAMP assay was performed at 67°C for 60 min and heated at 80°C for 10 min to terminate the reaction. The LAMP products were analysed by 2% agarose gel electrophoresis as described above. A sensitivity assay was also performed on live cells. Bacterial suspensions of Psl with 10-fold serial dilution grown in LB broth were prepared by sterile distilled water, and used in LAMP assay as described above. Each of the dilutions (100 ll) was spread on King's B agar (peptone 20 g l À1 ; K 2 HPO 4 1Á5 g l À1 ; MgSO 2 7H 2 O 1Á5 g l À1 ; glycerine 15 ml l À1 ; agar 15 g l À1 ) and incubated for 16 h at 28°C to determine the concentration of cells in the suspension. The serial dilutions were replicated three times.
Conventional PCR for Psl
To compare the sensitivity of LAMP reaction to PCR reaction, conventional PCR were also operated using the same DNA samples and same sample orders. PCR was performed using the previous method for specific detection of Psl (Meng et al. 2016a) , with a total 25 ll reaction mixture containing 19 Taq PCR MasterMix (Biomed), 400 nmol l À1 of each forward and reverse primers (PslgapF: 5 0 -TCG GCG ACG CAA TCA AT-3 0 and PslgapR: 5 0 -GGT GGT TTC ACG CTT CAG G-3 0 ) and 1 ll templates. PCR was performed in a S1000
TM Thermal Cycler (Bio-Rad Laboratories, Inc.) with the cycling conditions of 95°C for 5 min followed by 35 cycles of 95°C for 15 s, 62°C for 15 s and 72°C for 20 s with a final extension of 72°C for 5 min. All of the primers were synthesized by Biomed. PCR products (5 ll) were separated by gel electrophoresis in 1Á5% agarose gel, and visualized using a UV light as described above.
LAMP analysis of infected leaves in field
To obtain naturally infected plant material, different disease-grade levels of infected cucumber leaves were collected from infected abaxial leaves from a greenhouse in Beijing, China. According to the standardized grading system of China (GB/T 17980. 110-2004), the disease-grade level 1 means that the disease spot of leaf area is <5%; level 3 = 6-10%; level 5 = 11-20%; level 7 = 21-50%; level 9 = more than 50%. Part sections of leaves (20 mm 2 ) were excised from the infected or control (healthy cucumber leaves) tissues. The plant material was submerged in 1 ml of sterile water in an Eppendorf tube and crushed using a sterile micropestle. Bacterial ooze was collected from the same leaves by a pipette, and was diluted 1000 times with sterile water in an Eppendorf tube. Samples (1 ll) of suspensions or diluted bacterial ooze were used as template for LAMP assay as described above. Sterile water and 17Á5 ng of purified DNA (isolate Psl-2) were used as negative and positive controls respectively. There was a single cucumber sample at each grade level of disease and each sample was analysed in triplicate. The assay was performed in a H2O3-100C metal bath (Gingko Biological Technology Co., Ltd, Beijing, China) at 67°C for 60 min.
In order to confirm the presence of the target pathogen, the strains of Psl were isolated from infected cucumber leaves. The DNA of the isolates were extracted as described previously and PCR was performed with degenerate primers (rpoDF: 5 0 -CAC GGT TGA YCA TAT TCT YTC C-3 0 and rpoDR: 5 0 -CAC GCT CTA CCA GAC CTT CA-3 0 ) to amplify RNA polymerase sigma factor 70 (rpoD) gene partial sequences of the isolates and the reference strains (Psl strains in Table 1 ). The PCR amplification program consisted of an initial denaturation at 95°C for 10 min, 35 cycles of 94°C for 30 s, 57Á5°C for 30 s and 72°C for 45 s, and a final 10 min elongation step at 72°C in a S1000TM Thermal Cycler (Bio-Rad Laboratories, Inc., Shanghai, China). Sequencing was performed by Biomad (BigDye Terminator ready reaction mix v31; Applied Biosystems, Shanghai, China). Sequences were submitted to GenBank under accession numbers KY117453-KY117461. The 16S rRNA sequences of four isolated strains and six reference strains were aligned in MEGA 6Á0 software. Phylogenetic analysis was performed using the maximum likelihood method based on Tamura-Nei model with the number of bootstrap replicates set at 1000 (Tamura and Nei 1993) .
During an outbreak of cucumber bacterial angular leaf spot in 2015, 60 suspected of Psl infection cucumber samples were collected from different greenhouses in Liaoning (n = 1), Shandong (n = 3) and Henan province (n = 2) in China. All of the samples were tested by LAMP assay as described above. In addition, infections with Psl were also confirmed by the conventional plating method (Alleyne et al. 2011) .
Results

LAMP reaction optimization
The thermal conditions of the LAMP reaction were investigated at a range of temperatures and the products were observed by gel analysis and turbidity. The LAMP products of all of the amplification temperatures produced ladder-like bands. Using real-time turbidity measurements, Psl stains could be detected after 20 min at 65 and 67°C (data not shown), whereas 60 min incubation was required prior to gel electrophoresis and calcein visualization. According to the previous report, higher temperature decrease nonspecific primer annealing (Sung and Lu 2009; Fukuta et al. 2010) , and thus 67°C was selected for further evaluation.
Specificity of LAMP primers
The specificity of the LAMP reaction was tested with DNA from different species of bacteria from the genera Pseudomonas, Xanthomonas, Acidovorax, Pectobacterium and Clavibacter (Table 1) . Some strains within these genera can also infect cucumber (El-Hendawy 1999; Martin et al. 1999; Meng et al. 2016b) . Five strains belonging to Psl and 12 strains belonging to other species pathogens were used for the specificity test. All of the tested DNA concentrations, including target and nontarget, ranged from 10 to 20 ng. LAMP products of five Psl strains were positive, while the LAMP products of other Pseudomonas sp. or other species strains were negative ( Table 1) .
Sensitivity of detection of Psl by LAMP
To determine the sensitivity of LAMP method, DNA extracted from pure culture was used for the LAMP assay. The LAMP reaction produced positive results using genomic DNA of Psl (strain Psl-2) serially diluted 10 times over the range of 17Á5 ng ll À1 to 17Á5 fg ll À1 . The results of the visual LAMP assay (with calcein) agreed with those of the gel electrophoresis. The PCR amplification products with 162 bp bands were observed in samples from 17Á5 ngÁll À1 to 1Á75 pg ll À1 , showing that the LAMP reaction was 100 times more sensitive than the PCR reaction for detecting Psl using DNA extracts (data not shown).
Tenfold dilutions of bacterial suspensions of Psl were also tested by the LAMP and PCR assays. The detection limit for Psl, determined as the minimum amount of culturable bacteria required to induce an observable LAMP reaction, was determined to be 1 9 10 4 CFU per ml based on visual detection (Fig. 1a) and agarose gel (Fig. 1b) . PCR products were observed only in samples Journal of Applied Microbiology 122, 441--449 © 2016 The Society for Applied Microbiology of 1 9 10 8 and 1 9 10 7 CFU per ml bacterial suspensions (Fig. 1c) , which indicated that the LAMP reaction was 1000 times more sensitive than the PCR reaction for detecting Psl in bacterial suspensions.
Detection of infected samples in the field by LAMP
All of the infected cucumber leaves with different diseasegrade levels (level 1, 3, 5 and 7), a sample of bacterial ooze diluted 1000 times with sterile water obtained from an infected abaxial leaf and positive control (DNA of strain Psl-2) were positive for LAMP assay with ladder bands in agarose gel and bright green in tested tubes, whereas the negative control and healthy leaves were negative for LAMP assay (Fig. 2) without ladder bands in agarose gel and bright green in tested tubes. In addition, the presence of the target pathogen was confirmed by phylogeny analysis. The rpoD gene sequences of strains isolated from different disease-grade levels of infected cucumber leaves share 99% identity with Psl, and grouped together with strains of Psl. There was no apparent relation between the clustering of isolates and strains of P. syringae pv. tomato (Fig. 3) . This result indicates that the cucumber leaf spot disease was caused by Psl.
The suspected infected cucumber leaves collected from different regions were tested by LAMP assay and confirmed by conventional plating method. Among 60 plant samples, 46 samples suspected of Psl infection based on visual symptoms were first verified as Psl using the conventional plating method. When tested with the LAMP assay, the 46 confirmed samples were positive, producing amplification with ladder bands through gel electrophoresis or bright green in tested tubes (data not shown). In contrast, the other 14 cucumber samples, which did not appear to be infected with Psl as confirmed by conventional plating, were negative for LAMP without ladder bands or bright green in tested tubes.
Discussion
Pseudomonas syringae pv. lachrymans is an important bacterial pathogen of cucumber. Amplification methods based on PCR, such as real-time PCR and rep-PCR, have Pseudomonas syringae pv. lachrymans strain jilinfenliwu1 (KC860056)
Pseudomonas syringae pv. tomato strain DC3000 (EU296593)
Pseudomonas syringae pv. tomato strain OK-1 (DQ072715) 100 0·01 Figure 3 The phylogenetic relationships among Pseudomonas syringae pv. lachrymans and P. syringae pv. tomato using the maximum likelihood method based on sequences of RNA polymerase sigma factor 70 (rpoD) gene. Levels 1, 3, 5, 7 represent the rpoD sequences of the strains isolated from infected leaves with disease-grade level 1, 3, 5 and 7 respectively. Numbers above branches represent bootstrap value support based on maximum likelihood analyses of 1000 bootstrap replications. The accession numbers of P. syringae pv. lachrymans and P. syringae pv. tomato strains are shown in parentheses.[Colour figure can be viewed at wileyonlinelibrary.com] been used to detect and quantify the pathogen (Alleyne et al. 2011; Meng et al. 2016a) , but application of the LAMP for rapid detection of Psl has not been reported. In this study, the development of a LAMP method for diagnosis of Psl using species-specific primers is described. The LAMP primer set designed from hrpZ gene sequence specifically amplified Psl DNA. Detection could be completed within 20 min by measuring turbidity in real-time, while end-point detection method such as calcein and gel electrophoresis required 60 min incubation.
The LAMP assay showed a higher sensitivity than the PCR assay, which detected as little as 17Á5 fg genome DNA of Psl. On comparing with the PCR assay, the LAMP assay demonstrated greater levels of sensitivity by two orders of magnitude, which is consistent with previous reports (Hodgetts et al. 2015) . LAMP has strong resistance to amplification inhibitors, and has higher tolerance to various components of clinical samples (Kaneko et al. 2007) . In this study, the LAMP assay successfully detected Psl in bacterial suspensions without DNA extraction or prior heat inactivation/lysis of cells with a limit detection of 10 4 CFU per ml, which have a same level with previous study (Kubota et al. 2008) . In addition, LAMP assay was also used to amplify Psl in the infected leaves at the primer stage of the disease without DNA extraction, which confirmed the capacity to detect Psl in the plant tissues. The field samples were rapidly detected by the LAMP assay, and the results were consistent with the results of conventional plating method.
In several Gram-negative phytopathogenic bacteria, hrp genes are essential determinants for disease development on compatible hosts and for elicitation of the hypersensitive response on resistant plants (Alfano and Collmer 1997; Li et al. 2002; Kajihara et al. 2012) . The type III secretion system, which plays a major role in the infection process of P. syringae, are encoded by a cluster of hrp genes, and the hrp genes are highly expressed (Li et al. 2002; McCann and Guttman 2008; Penaloza-Vazquez et al. 2010 ). Several of the hrp genes, such as hrpZ, hrpA, hrpL and hrpS, have been used for phylogenetic analysis of P. syringae pathovars (Sawada et al. 1999; Inoue and Takikawa 2006) . In this study, the hrpZ gene was selected as the target gene for LAMP assay and the primer set showed high specificity in discriminating Psl from other Pseudomonas sp. and other genera bacteria strains. The high specificity results from the recognition of eight distinct regions of the target DNA by the six primers, which demonstrates the advantages of the LAMP assay.
Loop-mediated amplification products can be detected using several methods, such as electrophoresis, LFD, visual inspection, measurement of fluorescence and turbidity (Boubourakas et al. 2009; Tomlinson et al. 2010; Mao et al. 2012; Niu et al. 2012; Fukuta et al. 2013) . Electrophoresis is an unambiguous method with little ambiguity, while observation of the turbidity can be used in the laboratory. However, these two methods are both depend on expensive equipment, and they are not suitable to deployment in the field. In addition, aerosol pollution was easily caused by the products of LAMP, which have potential risks of resulting in false positive if the tube caps were open up after the LAMP reaction (Fukuta et al. 2013) . In this study, visual detection using the calcein was adopted for the judgment of positive or negative results of the LAMP reaction in the field. Visual detection of the fluorescence under natural light has advantages of avoiding the contamination of the LAMP products in reagents, environment and instruments. In addition, visual detection is also independent of instruments and equipment in the laboratory, such as electrophoresis apparatus and UV light.
In conclusion, the LAMP assay developed in this study was confirmed to be a rapid, sensitive and reliable tool to detect Psl in bacterial suspension or infected leaves. Combined with the easy sample preparing process, this novel assay has a potential role for rapid detection of Psl in the field to help predict the emergence of cucumber angular leaf spot disease.
